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Checkpoint blockade immunotherapy has failed in pancreatic cancer and other poorly responsive tumor types in part due to inadequate
T cell priming. Naive T cells can receive costimulation not only via CD28 but also through TNF superfamily receptors that signal via NF-kB.
Antagonists of the ubiquitin ligases cellular inhibitor of apoptosis protein (cIAP)1/2, also called second mitochondria-derived activator of
caspases (SMAC) mimetics, induce degradation of cIAP1/2 proteins, allowing for the accumulation of NIK and constitutive, ligand-
independent activation of alternate NF-kB signaling that mimics costimulation in T cells. In tumor cells, cIAP1/2 antagonists can
increase TNF production and TNF-mediated apoptosis; however, pancreatic cancer cells are resistant to cytokine-mediated apoptosis,
even in the presence of cIAP1/2 antagonism. Dendritic cell activation is enhanced by cIAP1/2 antagonism in vitro, and intratumoral
dendritic cells show higher expression of MHC class II in tumors from cIAP1/2 antagonism-treated mice. In this study, we use in vivo
mouse models of syngeneic pancreatic cancer that generate endogenous T cell responses ranging from moderate to poor. Across multiple
models, cIAP1/2 antagonism has pleiotropic beneficial effects on antitumor immunity, including direct effects on tumor-specific T cells
leading to overall increased activation, increased control of tumor growth in vivo, synergy with multiple immunotherapy modalities, and
immunologic memory. In contrast to checkpoint blockade, cIAP1/2 antagonism does not increase intratumoral T cell frequencies.
Furthermore, we confirm our previous findings that even poorly immunogenic tumors with a paucity of T cells can experience
T cell�dependent antitumor immunity, and we provide transcriptional clues into how these rare T cells coordinate downstream immune
responses. The Journal of Immunology, 2023, 210: 991�1003.

Drugs targeting the inhibitor of apoptosis proteins (IAPs) are
currently in clinical trials, but how these drugs work, what
combination therapies would be most effective, and which

cancer types might be most responsive are largely unknown. The
IAP family is defined by the presence of a baculovirus inhibitory
repeat (BIR) domain, which was initially identified by its ability to
bind and inhibit caspases. IAPs are now known to play a much
broader role in cell signaling, growth, and survival (1). The cellular
IAPs (cIAPs) are critical regulators of both classical and alternative
NF-kB signaling, functioning downstream of multiple TNF family
receptors (1). Endogenously, IAPs are regulated by the mitochon-
drial protein second mitochondria-derived activator of caspases
(SMAC), which binds to the IAP baculovirus inhibitory repeat

domain through a tetrapeptide motif. Small-molecule SMAC
mimetics including LCL-161, also known as IAP antagonists, have
been developed as cancer therapeutics (2�5). In preclinical testing,
these drugs were found to induce cancer cell death through activa-
tion of TNF-a�dependent apoptosis in only a subset of tumors (2,
4�6). LCL-161 binds to the cIAPs, leading to a conformational
change in cIAP1 that enables autoubiquitination and degradation,
followed by downstream alterations in NF-kB signaling (2, 4�7).
LCL-161 does not merely inhibit cIAP1/2, it leads to complete loss
of the proteins by proteasomal degradation, giving the drug a long
effective half-life.
Although IAP antagonists may affect tumor cell�intrinsic NF-kB

signaling in some tumor types, their most pronounced effects are on
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the generation of antitumor immunity. Work from our group and
others demonstrated that the cIAPs complex with TNFR-associated
factor (TRAF)2 and TRAF3 downstream of many TNF family recep-
tors, including the immune costimulatory receptors CD40, OX40,
4-1BB, and GITR (1, 8�13). The cIAPs constitutively ubiquitinate
NIK, thereby preventing p100 processing to p52, and regulate the
switch between canonical and noncanonical NF-kB signaling. Loss
of cIAP1/2 results in accumulation of NIK and increased produc-
tion of p52/RelB target genes, including chemokines and cytokines
such as IL-2, TNF-a, and GM-CSF. In B cells the cIAPs are required
for effective CD40 signaling, whereas loss of cIAP1 in B cells trig-
gers a growth signal similar to activation of BAFF receptor (9, 10).
We demonstrated that the IAPs play a critical role in regulating T cell
activation. IAP antagonists have no effect on T cells in the absence of
TCR stimulation, but they can deliver a strong costimulatory signal to
CD4, CD8, and NKT cells in both mice and humans (8, 11). We fur-
ther found that IAP antagonist treatment of mice could augment anti-
tumor responses to melanoma in combination with either a vaccine or
an NKT cell agonist (8, 11). Subsequent work has supported these
initial findings, demonstrating augmented naive T cell responses in
IAP antagonist-treated cells, as well as in cells expressing a dominant
negative cIAP1 RING domain mutant (14�16). Two publications
have demonstrated synergy between LCL-161 and PD-1 antagonists
in models of myeloma and glioblastoma (17, 18). In both myeloma
and pancreatic cancer models, macrophage activation resulted in
enhanced phagocytic uptake of tumor cells (12, 18); in pancreatic
cancer, cIAP1/2 antagonism enabled effective antitumor immune
responses to MHC class I�negative tumors and combination therapy
with blockade of the phagocytic “don’t eat me” ligand CD47 (12).
We previously reported T cell�dependent activation of macrophages

in poorly immunogenic pancreatic cancer (12). To better understand
how cIAP1/2 antagonism leads to activated T cells and to demonstrate
the Ag specificity of the ensuing responses, we used multiple models
of pancreatic cancer that span a wide range of immunogenicity and
represent the full spectrum of immune phenotypes observed in
humans. We first present data from highly immunogenic KPC.1 pan-
creatic tumors that are well infiltrated by CD8 T cells and respond to
combination checkpoint blockade (19). We also evaluate growth in
the liver of the poorly immunogenic pancreatic cell line 6694c2 (20).
Although 6694c2 pancreatic tumors do not elicit a robust T cell
response, we also engineered these cells to express the self-antigen
tyrosinase-related protein 1 (TRP1) and adoptively transferred trace-
able TRP1-specific CD8 T cells (21). Finally, we evaluated cIAP1/2
antagonism in our most refractory model of pancreatic cancer, a live-
passage organoid system that enriches for tumor-specific T cells in
the inoculum. In all cases, we show that cIAP1/2 antagonism effec-
tively controls tumor growth in a T cell�dependent fashion and com-
bines with multiple T cell�directed therapies.

Materials and Methods
Cell lines

KPC.1 cells derived from a LSL-KrasG12D;p531/floxed;Pdx-cre mouse were
a gift from Dr. Anirban Maitra (MD Anderson). The KPCY cell line
6694C2 was a gift from Dr. Ben Stanger (University of Pennsylvania) and
was previously described (20). B16-OVA cells were a gift from Dr. Robert
Manguso and were previously described (22). C2VTRP1 cells were gener-
ated using parental 6694c2 cells engineered to express a TRP1 transgene.
Cells were transfected with Lipofectamine stem reagent and used according
to the manufacturer’s protocol. Cells were selected with Geneticin for suc-
cessful transfection, and gene insertion was confirmed by immunoblot. Cells
were cultured at 37◦C in a humidified incubator with 5% CO2. RPMI 1640
medium was supplemented with 10% FBS, 2 mmol/l L-glutamine, 1% peni-
cillin/streptomycin, 1% MEM nonessential amino acids, 1 mmol/l sodium
pyruvate, and 0.1 mmol/l 2-ME. Cells used for in vitro experiments were
cultured with 500 nM LCL-161 or 0.1% DMSO (vehicle). Cytokines were

purchased from PeproTech (IFN-g, TNF-a, TRAIL) and used at the indi-
cated concentrations. Cells used for in vivo experiments had been passaged
for <2 mo, were negative for known mouse pathogens, and were implanted
at >95% viability.

Mice

All animal protocols were approved by the Dana-Farber Cancer Institute
Committee on Animal Care (protocol nos. 14-019 and 14-037) and are in
compliance with the National Institutes of Health/National Cancer Institute
ethical guidelines for tumor-bearing animals. The following mouse strains
were purchased from The Jackson Laboratory: C57BL/6 (000664), mMT−/−

(002249), Batf3−/− (013755), TCRa−/− (002116), b2m−/− (002087), RAG2−/−

(008449). TRP1high;CD45.1 mice were generated by us as previously described
(21, 23) and bred in-house.

Orthotopic pancreatic tumors

Orthotopic surgeries were performed as described (24). Briefly, mice were
anesthetized with a ketamine/xylazine mixture, shaved on the left flank, and
the surgical site was cleaned with ethanol and betadine. An incision was
made in the skin and peritoneum, and the pancreas was externalized with
forceps. KPC.1 cells were resuspended in PBS and mixed 1:1 by volume
with Matrigel (Corning) for a total of 100,000 cells per 30 ml. The cell sus-
pension was kept on ice and drawn into a chilled insulin syringe. Cells were
then injected into the tail of the pancreas, and a bubble was observed. Mice
that showed signs of leakage were removed from the experiment. The pan-
creas was left external to the body cavity for 1 min with the mice on a
warming pad to solidify the Matrigel. The pancreas was then reinserted, the
peritoneum was sutured with one stitch of absorbable suture, and the skin
was stapled with a sterile wound clip. Mice were given analgesia (meloxi-
cam and ropivacaine) and monitored postsurgery according to protocols
approved by the Dana-Farber Institutional Animal Care and Use Committee.
Mice were sacrificed at 21 d postsurgery unless otherwise indicated. Tumors
were weighed at the time of sacrifice.

Liver metastasis model

Tumor cells were injected as previously described (25). Briefly, the spleen
was cut in half after placing two surgical ligating clips in the center. Tumor
cells were injected in one half. The splenic blood vessels were cauterized,
and the injected hemispleen was removed. Mice were monitored closely and
sacrificed on day 18 postinjection. Liver weights of noninjected healthy mice
were used to set baseline liver weight and weight change of liver as readouts
for metastatic tumor burden.

Live-passage organoid model

M8 organoids were a gift from Dr. David Tuveson and were previously
described (24). Organoids were seeded initially in Matrigel domes in orga-
noid media in 24-well plates. Domes were then digested with trypsin,
washed in PBS, and resuspended in PBS at 1 dome per 15 ml and mixed 1:1
by volume with Matrigel (Corning). This mixture was implanted orthotopi-
cally into C57BL/6 mice as described above. After 8 wk, pancreatic masses
could be felt by palpation. Tumors were harvested and digested to a single-
cell suspension by mincing and incubating in RPMI 1640 containing collage-
nase and anti-trypsin at 37◦C for 1 h. Tumors were filtered through a 40-mm
cell strainer, washed with PBS, and centrifuged. The resulting cell pellet con-
taining tumor debris and infiltrating immune cells was resuspended in PBS
and Matrigel and reimplanted orthotopically into C57BL/6 mice. This first
mouse-to-mouse passage was defined as passage 1. Experiments shown here
were conducted using tumors from passages 2 to 23.

Tumor infiltrate analysis

Pancreatic tumors were excised, weighed, minced, and incubated in RPMI
1640 containing collagenase and anti-trypsin at 37◦C for 1 h. Tumors were
filtered through a 40-mm cell strainer, washed with PBS, and centrifuged.
The resulting cell pellet containing tumor debris and infiltrating immune cells
was resuspended in FACS buffer (PBS with 2% FCS) and stained with a
master mix of Abs. Cells were incubated with staining mix for 30 min at
4◦C, washed once in PBS, and resuspended in 1% formalin prior to analysis
on either a spectral flow cytometer (Sony SP6800) or an LSRFortessa flow
cytometer (BD Biosciences). Flow cytometry Abs used in this study were
purchased from BioLegend and included anti-CD45 (30-F11), anti-CD4
(RM4-5), anti-CD8 (53-6.7), anti-NK1.1 (PK136), anti-CD103 (2E7), anti-
Ly6C (1A8), anti�I-A/I-E (M5/114.5.2), anti-F4/80 (BM8), anti�Siglec-F
(E50-2440), anti-CD11b (M1170), anti-CD11c (N418), anti-GR1 (RB6-8C5),
and anti�H-2Kb (AF6-88.5).
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In vivo treatments

LCL-161 was provided by Novartis Pharmaceuticals and solubilized in 0.1 N
HCl and diluted in sodium acetate buffer to a final concentration of 10 mg/ml
and pH 4.3. LCL-161 was administered by oral gavage at 75 mg/kg every 3 d
starting at day 4 after tumor inoculation unless otherwise indicated.

Mice received depleting Abs on the day of tumor inoculation and then
every 3 d until sacrifice. Depleting Abs were given i.p. at 100 mg/mouse.
Anti�PD-L1 (clone 10F.9G2), anti�CTLA-4 (clone 9D9), or anti�PD-1
(clone 29F.1A12) was administered i.p. at 200 mg/mouse starting at day 4
postinoculation every 3 d. All Abs were purchased from Bio X Cell, includ-
ing anti-CD4 (GK1.5) and anti-CD8 (2.43).

For adoptive transfer of TRP1high CD8 T cells, spleens and lymph nodes
of TRP1high;CD45.1 mice were harvested and CD8 T cells were isolated by
negative selection on magnetic beads (STEMCELL Technologies). T cells
were suspended in 150 ml of sterile PBS per mouse, and 1 million CD8 T cells
per mouse were transferred by tail vein injection to recipient hosts bearing
C2VTRP1 tumors.

Generation of bone marrow�derived myeloid-derived suppressor cells

Bone marrow was flushed from C57BL/6 mouse femurs and erythrocytes
lysed in hypotonic buffer. Ten million cells were plated in a 10-cm dish with
10 ml of RPMI 1640 medium supplemented with 20 ng/ml each G-CSF,
GM-CSF, and IL-6. After 3 d of culture, a mixture of granulocytic CD11b1

Ly6GhighLy6Clow (40%) and monocytic CD11b1Ly6GlowLy6Chigh (60%)
myeloid-derived suppressor cells (MDSCs) was obtained and used in in vitro
T cell suppression assays.

Generation of bone marrow�derived dendritic cells

Bone was flushed from C57BL/6 mouse femurs and erythrocytes lysed in
hypotonic buffer. Then, 50,000 cells were plated per well of a 48-well tissue
culture�treated plate in 500 ml of RPMI 1640 medium supplemented with
20 ng/ml GM-CSF and IL-4. After 3 and 6 d of culture, additional GM-CSF/
IL-4�containing medium was added. After day 7, dendritic cells (DCs) were
confirmed by flow cytometry to be >80% CD11c1MHC class II1 and used
for in vitro assays. Cells were dissociated by treatment with 1× TrypLE (Life
Technologies) for 10�30 min at 37◦C and vigorous pipetting. In some cases,
LPS (100 ng/ml) was added to bone marrow�derived DC (BMDC) cultures.

ELISPOT

Tumor-specific T cells were identified by ELISPOT as previously described
(26). ELISPOT plate (BD Biosciences) was treated with sterile-filtered 70%
ethanol before being washed three times with sterile 1× PBS. IFN-g capture
Ab (BD Biosciences, no. 551881) was plated and the plate was sealed and
left to incubate at 4◦C overnight. Positive control wells were also plated
with anti-CD3e (BioLegend, no. 100340). The plate was washed three times
with sterile PBS and blocked with 10% (v/v) FBS in PBS overnight at 4◦C.
IFN-g�stimulated 6694c2, Panc02, M8, or KPC.1 cells were plated, except
in the unstimulated and positive control wells. Draining lymph nodes or
spleen was excised from treated mice as indicated and macerated to form a
single-cell suspension. Lymph node cells (one-third of lymph node per well)
were plated on top of preplated tumor cells with human IL-2 (PeproTech),
and positive control wells also received anti-CD28 (BioLegend, no. 102116).
The plate was incubated at 37◦C for 24 h before being washed with sterile
water followed by PBS with Tween 20 (PBST). IFN-g detection Ab (BD
Biosciences, no. 551881) was added, and the plate was incubated for 2 h at
room temperature. Wells were washed with PBST, and streptavidin-HRP
(BD Biosciences) was added. The plate was incubated for 1 h at room tem-
perature before being washed with PBST and PBS. 3-Amino-9-ethylcarba-
zole chromogen (AEC) substrate (BD Biosciences) was added and the plate
was developed. The plate was dried and analyzed.

Tumor confluency

A Celigo Image Cytometer (Nexcelom 200-BFFL-5c) was used to monitor
cell growth of cell lines in conditioned media over 4 d. Cells were seeded in
96-well plates and treated with 0.1 ng/ml TNF-a or 1 ng/ml TNF-a in com-
bination with 500 nM LCL-161. Confluence was measured.

Bulk RNA sequencing and data analysis

CD451CD41 or CD451CD81 cells were sorted by FACS from orthotopic
live-passage M8 organoid pancreatic tumors implanted in TCRa−/− mice
treated with vehicle or LCL-161 for 12 d. Total RNA was prepared using a
Qiagen RNeasy kit according to the manufacturer’s protocol. Library construc-
tion and Illumina sequencing were performed by the Dana-Farber Cancer
Institute Molecular Genomics Core Facility. Reads were trimmed for Illumina
adapter sequences using cutadapt and aligned using STAR (v2.7.3a) to
the GRCm38 genome. Feature counting was done in R using the package

Rsubread allowing for fractional counting of multimapping reads. Genes
with <10 reads across all samples were discarded, and the remaining genes
were analyzed for differential expression using the package DESeq2. Gene
set enrichment analysis was performed using the fgsea package.

Data and code availability

Bulk RNA sequencing datasets are available in GEO under accession number
GSE222095 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE222095).
Code used to analyze data are available at https://github.com/douganlab/Roehle.

Statistical analysis

All tumor weight and tumor infiltrates data are presented as mean with SD error
bars unless otherwise noted. Significance was determined using a two-sided
Mann�Whitney U test to compare ranks, without assuming Gaussian distribu-
tion. GraphPad Prism software was used to analyze data. Exact p values are
reported in each figure panel. The sample size (n) for each group can be deter-
mined by the number of individual data points shown in each graph, which are
all independent biological replicates. For some figures, data from multiple
experiments were combined for presentation in the same graph. In these cases,
tumor weights were normalized to the average of the control (vehicle) group
within each experiment and data are presented as normalized tumor weights on
the y-axis.

Results
cIAP1/2 antagonism is effective in vivo in an immunogenic model of
pancreatic cancer

To test the role of cIAP1/2 antagonism in a T cell�dependent model
of pancreatic cancer, we used KPC.1 cells, which contain model
neoantigens derived from strain differences between the donor KPC
mouse and C57BL/6 mice and are most reflective of the rare micro-
satellite instability�high subset of human pancreatic ductal adeno-
carcinoma (PDAC) (19, 27). In vitro, KPC.1 cells show induction
of alternate NF-kB signaling in response to cIAP1/2 antagonism, as
demonstrated by increased nuclear p52 after 24 h of culture with
LCL-161 (Fig. 1A). However, in vitro growth rates of KPC.1 cells
were not affected by exposure to LCL-161 either alone or in combi-
nation with TNF-a, IFN-g, or TRAIL (Fig. 1B, Supplemental Fig.
1A, 1B). IFN-g treatment increased expression of MHC class I,
MHC class II, and PD-L1 on KPC.1 cells as expected, but this
IFN-dependent increase was not affected by exposure to LCL-161
(Supplemental Fig. 1C). Thus, cIAP1/2 antagonism does not affect
in vitro growth or response to cytokine signaling in KPC.1 cells.
We next implanted KPC.1 cells orthotopically into the pancreas

of immune-competent C57BL/6 mice and treated the mice with
LCL-161 every 3 d by oral gavage. In this context, cIAP1/2 antago-
nism significantly decreased tumor burden, implicating the host micro-
environment in tumor regression (Fig. 1C). To ascertain potential
differences in cytokine and chemokine production that might affect
the composition of the immune microenvironment, we profiled
KPC.1 cells in vitro and orthotopic tumors ex vivo by cytokine bead
array (Fig. 1D, 1E). Cultured KPC.1 cells produced several cytokines
and chemokines that accumulated to >10 pg/ml in vitro, including
GM-CSF, IL-6, VEGF, KC, LIF, CCL2, CXCL2/3, and CXCL10.
Of these, several were significantly increased by cIAP1/2 antago-
nism, including GM-CSF, KC, LIF, CCL2, and CXCL10 (Fig. 1D).
In vivo, several additional cytokines and chemokines were present
that were not detected in cell culture supernatants, suggesting that
IL-5, TNF-a, eotaxin, and CXCL9 are most likely produced by stro-
mal cells in the pancreatic tumor microenvironment. In vivo, cIAP1/2
antagonism increased the concentrations of multiple cytokines and
chemokines, including GM-CSF, M-CSF, IL-1a, IL-1b, IL-6, VEGF,
KC, LIF, and CXCL2/3 (Fig. 1E). T cell�derived cytokines IL-2 and
IFN-g were negligible in these samples, leading to an overall picture
of cIAP1/2 antagonism increasing predominantly innate inflammatory
cytokines and myeloid cell�recruiting chemokines.
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FIGURE 1. Pancreatic tumor cells are resistant to cIAP1/2 antagonism in vitro but sensitive in vivo. (A) KPC.1 cells were cultured with vehicle or 500 nM
LCL-161 in RPMI 1640 complete medium for 24 h prior to fractionation and protein lysis of the nuclear fraction. Immunoblotting for nuclear p52 and
HDAC1 are shown. (B) KPC.1 cells were seeded at low density in media containing 500 nM LCL-161 or vehicle and recombinant mouse TNF-a at the indi-
cated concentrations. Cell confluence was measured by imaging cytometry (Celigo). (C) C57BL/6 mice were inoculated orthotopically with 50,000 KPC.1
cells suspended in Matrigel and dosed with vehicle or LCL-161 (75 mg/kg) by oral gavage every 3 d starting on day 4. Tumors were harvested 21 d after
inoculation and weights are reported. (D) KPC.1 cells were seeded at 50% confluency and cultured for 48 h with and without 500n M LCL-161. Culture
supernatants were collected and subjected to cytokine bead array analysis (Eve Technologies). n 5 5 per group. (E) KPC.1 cells were suspended in Matrigel
and implanted orthotopically in the pancreas of C57BL/6 mice and treated with LCL-161 or vehicle every 3 d starting at day 4 post-inoculation. Tumors
were harvested at day 12, after mice received three total doses of LCL-161. Tumors were lysed in RIPA buffer and subjected to cytokine bead array analysis
(Eve Technologies). Values were normalized to total protein concentration of each sample. n 5 5 per group. (F) C57BL/6 mice were inoculated orthotopi-
cally with 50,000 KPC.1 cells suspended in Matrigel and dosed with vehicle or LCL-161 (75 mg/kg) by oral gavage every 3 d starting on day 4. Mice were
also treated with isotype control, anti�GM-CSF, or anti-IFNaR Abs twice weekly (150 mg/mouse, i.p.). Tumors were harvested 21 d after inoculation and
weights are reported. (G) KPC.1 cells were transduced with empty vector or GM-CSF overexpression vector. Culture supernatants were analyzed by ELISA for
GM-CSF. (H) KPC.1 cells from (G) were implanted orthotopically into C57BL/6 mice. Tumors were harvested 21 d later. Error bars are SEM throughout. A Man-
n�Whitney t test was used for comparison between two groups. ANOVA with multiple comparisons was used when more than two groups were present. In
(D) and (E), *p < 0.05, **p < 0.01.
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We explored two cytokines in more detail, namely type I IFN
(not measured in our cytokine bead array) and GM-CSF, which was
consistently increased by cIAP1/2 antagonism. Previous reports of
cIAP1/2 antagonism in glioblastoma suggested a role for type I IFN

as demonstrated by loss of therapeutic efficacy in mice treated with
anti-IFNaR (18). To test whether type I IFN was necessary for a
response of orthotopic KPC.1 tumors to cIAP1/2 antagonism, we
treated mice with either isotype control or IFNaR blocking Ab and
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found that blockade of type I IFN signaling did not prevent the effi-
cacy of LCL-161 in vivo (Fig. 1F). Similarly, blockade of GM-CSF,
the cytokine most consistently upregulated by LCL-161 and an impor-
tant differentiation factor for monocyte-derived DCs, did not affect
LCL-161�mediated reduction in tumor burden (Fig. 1F). GM-CSF
plays pleiotropic roles in cancer (28). As a component of irradiated
cell-based vaccines (29, 30), GM-CSF can induce strong tumor regres-
sions, but local production of GM-CSF by pancreatic tumor cells has
been reported to induce MDSC formation and accelerate tumor growth
(31�33). To test whether GM-CSF would be growth promoting or
growth reducing in the highly immunogenic KPC.1 model, we engi-
neered KPC.1 cells to secrete GM-CSF (Fig. 1G). When implanted
orthotopically, GM-CSF�overexpressing tumors grew to similar sizes
as control tumors (Fig. 1H), strongly indicating that the 2-fold increase
in GM-CSF induced by LCL-161 is not sufficient to account for the
dramatic reductions in tumor burden.

cIAP1/2 antagonism is T cell�dependent and synergizes with
checkpoint blockade

We hypothesized that cIAP1/2 antagonism augmented tumor-specific
T cell responses in immunogenic PDAC, potentially inducing Ag-
specific memory. To test this, we inoculated C57BL/6 mice s.c. with
KPC.1 cells and treated the mice with LCL-161 after tumors were
palpable. KPC.1 tumors fully regressed in most mice, and cured
mice were refractory to rechallenge, demonstrating immunologic
memory (Fig. 2A, 2B). Spleens of rechallenged mice contained
tumor-specific T cells as shown by IFN-g ELISPOT (Fig. 2C).
Orthotopic KPC.1 tumors are partially sensitive to anti�CTLA-4/
anti�PD-1, indicative of a baseline endogenous antitumor T cell
response and defining these tumors as immunogenic. To enhance this
endogenous T cell response, we treated mice with a combination of
LCL-161 and checkpoint blockade and found that combinations
employing either anti�CTLA-4 or anti�PD-1/anti�PD-L1 led to com-
plete responses, with an overall curative response in 7 of 19 mice
(Fig. 2D, 2E). We further tested the combination of cIAP1/2 antago-
nism with an irradiated tumor cell vaccine, which resulted in four of
five tumor-free mice in the treated group compared with none of five
tumor-free mice in the group receiving an irradiated cell vaccine
alone (Fig. 2F).
Blockade of the PD-1 pathway results in an expansion of CD8

T cells in responding tumors, and indeed we observed an increase
in intratumoral CD8 T cells in mice with orthotopic KPC.1 tumors

treated with anti�PD-L1 (Fig. 2G). In contrast, LCL-161 treatment did
not significantly increase the frequency of intratumoral CD8 T cells
(Fig. 2G), suggesting a different mechanism of action from checkpoint
blockade. To test whether T cells were required for the efficacy of
cIAP1/2 antagonism, we used depleting Abs to CD4, CD8, or both in
mice implanted with orthotopic KPC.1 tumors (Fig. 2H). Surprisingly,
tumor growth was accelerated in mice depleted of either CD4 or CD8
T cells, and treatment with cIAP1/2 antagonism was ineffective in this
setting. Thus, we conclude that both CD4 and CD8 T cells are
required for the activity of cIAP1/2 antagonism in immunogenic
pancreatic cancer.
Pancreatic cancer metastasizes most frequently to the liver, where

the immunosuppressive microenvironment of the liver niche pro-
motes tumor growth. To evaluate whether cIAP1/2 antagonism could
reduce tumor burden in the liver, we used a hemispleen injection
model whereby tumor cells are seeded into the liver via the portal
venous circulation (25). cIAP1/2 antagonism was significantly effec-
tive at reducing tumor burden in both hemispleen-injected KPC.1
tumors and the more poorly immunogenic 6694c2 pancreatic tumor
cell line (Fig. 3A, 3B). Similar to our results in the orthotopic setting,
depletion of CD4 and CD8 T cells reduced the efficacy of cIAP1/2
antagonism against liver metastasis (Fig. 3C), indicating that the
response is T cell�dependent.

cIAP1/2 antagonism enhances DC activation but has negligible effects
on MDSCs

DCs are key to the priming of naive T cells (34). We had previously
reported that cIAP1/2 antagonism mimics signaling through TNFR
superfamily members and has effects on both newly primed T cells
as well as on DCs, which increased expression of MHC class II and
production of IL-12 upon exposure to cIAP1/2 antagonism (8). To bet-
ter profile the activation state of DCs, we generated BMDCs and com-
pared expression of costimulatory ligands MHC class II and CCR7
upon exposure to LCL-161, LPS, or the combination (Fig. 4A, 4E).
cIAP1/2 antagonism increased surface expression of MHC class II,
CD80, CD86, and OX40L comparably to LPS, with additive increases
observed in BMDCs cultured with the combination of LCL-161 and
LPS. Surface PD-L1 was also increased in all treatment groups
(Fig. 4F). CCR7 was upregulated by LPS as expected, but curiously
failed to be induced by LCL-161 treatment. Thus, cIAP1/2 antago-
nism in DCs appears to increase expression of MHC class II and
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costimulatory ligands but may have less of an effect on DC traffick-
ing to the draining lymph node.
To assess whether cIAP1/2 antagonism in DCs would be sufficient

to induce cross-presentation and activation of naive CD8 T cells, we

cultured BMDCs with OVA protein and LCL-161. After washing
and replating with OT-I T cells, we observed significant activation of
naive CD8 T cells as evidenced by elevated IL-2 production when
CD8 T cells were primed by LCL-161�treated DCs cultured with
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OVA protein as compared with immature BMDCs exposed to OVA
alone. LPS activation and pulsing with SIINFEKL peptide were used
as positive controls (Fig. 4G).
We also examined intratumoral DCs from two different orthotopi-

cally implanted pancreatic cancer models (Fig. 4H, 4I). Tumor infil-
trates were gated on CD11c1Gr-1− DCs and further subgated into
CD1031 conventional type 1 DCs (cDC1s) or CD11b1 conven-
tional type 2 DCs (cDC2s). Although modest differences in cDC1
or cDC2 frequencies were observed, no consistent pattern emerged
across the models. We did observe a significant increase in MHC
class II expression on total DCs from KPC.1 and 6694c2 tumors,
suggesting that cIAP1/2 antagonism can contribute to DC activation
in vivo (Fig. 4H, 4I).
Pancreatic cancer is highly infiltrated by both granulocytic and

monocytic suppressive myeloid cells (35). To test whether altera-
tions in NF-kB signaling had a direct effect on the myeloid cell phe-
notype, we examined MDSC function in vitro. LCL-161 had no
effect on the ability of MDSCs to suppress T cell proliferation
(Supplemental Fig. 2A, 2B). We also did not observe changes in the
frequency of MDSC populations in tumor infiltrates in vivo from
mice bearing orthotopic KPC.1 tumors (Supplemental Fig. 2C).

Live-passage organoid model of poorly immunogenic tumors reveals
an orchestrating role for T cells

Most human pancreatic cancers are poorly infiltrated by T cells and
have a dense desmoplastic stroma (35). This paucity of T cells may
reflect defects in T cell priming. Pancreatic tumors in mice and
humans express shared tumor Ags (36, 37), and multiple groups
have demonstrated that immune adjuvants such as anti-CD40 or
radiation can generate endogenous antitumor immunity targeting tumor
Ags in poorly immunogenic pancreatic cancer models (26, 38�40).
To better model poorly immunogenic tumors and their stroma in
mice, we developed a live-passage organoid-derived model. The
murine pancreatic cancer organoid line M8 was implanted orthotopi-
cally into C57BL/6 mice (24). Upon establishment of primary tumors,
the tumor mass was excised, digested, and the single-cell suspension
was mixed with Matrigel and reimplanted orthotopically into new
host mice (passage 1). Masson’s trichrome staining shows a desmo-
plastic reaction in M8 organoid�derived tumors that was unaffected
by treatment with cIAP1/2 antagonism (Fig. 5A). The M8 line was
then continuously maintained as a live-passage model from mouse to
mouse for subsequent experiments. M8 tumors are poorly immuno-
genic in C57BL/6 mice, as evidenced by lack of response to treat-
ment with PD-1 blockade. Nevertheless, treatment with cIAP1/2
antagonism reduced tumor burden by ∼50% (Fig. 5B). After initial
establishment in mice, the pattern of immune infiltrates was remark-
ably consistent through passage >20, indicating a reproducible host
response to the M8 tumor line (Fig. 5C).
To determine which immune cell types are necessary for cIAP1/2

antagonism in poorly immunogenic pancreatic cancer, we implanted
live-passage M8 tumors into mice deficient in selected immune
cells. Across our various models tested, B cells were dispensable,
but CD8 T cells and Batf31 DCs were most likely required for the
efficacy of cIAP1/2 antagonism in vivo (Fig. 5D), given that thera-
peutic efficacy was reduced in B2m−/− and Batf3−/− mice. These
data are consistent with our previously reported findings in 6694c2
tumors (12). We extended these findings to show that spleens of M8
tumor-bearing mice contained Ag-specific T cells as demonstrated
by IFN-g ELISPOT (Fig. 5E). These T cells were specific to Ags
displayed by M8 tumor cells, but not by the closely related cell line
6694c2 (Fig. 5E). Upon examination of the tumor infiltrates from
vehicle- or LCL-161�treated M8 orthotopic tumor-bearing mice, we
found that the frequency of CD8 and CD4 T cells was low (<2%
of total CD451 cells) and that these frequencies were not increased

by LCL-161 (Fig. 5F). These findings of a paucity of T cells were
confirmed by immunohistochemistry for CD3, whereby rare T cells
could be found around the edges of the tumor mass, but neither the
frequency nor the spatial localization was affected by cIAP1/2
antagonism (Fig. 5G). Overall, our results from the M8 model sug-
gested that surprisingly few T cells were required to mediate the
antitumor effects observed with cIAP1/2 antagonism.

Live-passage organoid model into TCRa−/− mice allows for homeostatic
expansion of tumor-specific T cells

To further investigate a requirement for T cells, we implanted live-
passage organoids into TCRa−/− hosts. To our surprise, we observed
a reduction in tumor size upon treatment with cIAP1/2 antagonism
(Fig. 6A, 6B). We hypothesized that rare T cells contained in the
tumor inoculum and transplanted into lymphopenic hosts could
undergo homeostatic proliferation and mediate the response to subse-
quent treatment with LCL-161. Upon treatment of the tumor inocu-
lum with depleting Abs to CD4 and CD8, the therapeutic effect of
LCL-161 was ablated, confirming that T cells in the live-passage
inoculum were responsible for tumor control (Fig. 6B). Given that
all of these T cells were derived from clonotypes that had infiltrated
pancreatic tumors, this model afforded an opportunity to evaluate the
effects of cIAP1/2 antagonism in vivo in tumor-responding T cells.
We used FACS to isolate the CD4 and CD8 T cells out of spleens
or tumors of M8 tumor-bearing TCRa−/− mice to enrich for ab
T cells that originated from the initial endogenous T cell response
to M8 tumors in immune-competent animals. We then performed lim-
ited bulk RNA sequencing and asked which genes were differentially
expressed in tumor-infiltrating CD8 T cells treated with LCL-161 as
compared with vehicle (Fig. 6C). The top upregulated gene was
4-1BB (Tnfrsf9), a known costimulatory receptor upregulated on
recently activated T cells. Serpin proteases were also upregulated,
including Serpinb9, which protects granzyme-secreting cytolytic
cells from fratricide (41). Intriguingly, the top downregulated
gene was Vsir encoding the negative regulatory receptor VISTA.
Gene set enrichment analysis for both CD4 and CD8 T cells showed
increased cell cycle�related transcripts and increased NF-kB target
genes (Fig. 6D). Increased cell cycle was unexpected give our inability
to show increased frequencies of intratumoral T cells, although prolif-
eration may be counterbalanced by other factors such as increased
rates of apoptosis or exit from the tumor. Comparison of differentially
expressed genes overlapping between spleen and tumor also revealed
a signature of cIAP1/2 antagonism on T cells consistent with increased
NF-kB activation (Supplemental Fig. 3). Thus, we postulate that both
CD4 and CD8 T cells in vivo are direct cellular targets of cIAP1/2
antagonism, displaying hallmarks of increased NF-kB2 signaling con-
sistent with loss of cIAP1/2.

cIAP1/2 antagonism combines with adoptive transfer of Ag-specific
T cells

To test whether cIAP1/2 antagonism could be combined with adop-
tive transfer of known Ag-specific T cells, we used a model of CD8
T cells recognizing the self-antigen TRP1 expressed by melanocytes
and overexpressed in melanoma. We had previously cloned mice by
somatic cell nuclear transfer from the nuclei of CD8 T cells recog-
nizing TRP1 presented by H-2Db with physiologic affinity (21, 23).
Adoptive transfer of naive TRP1high CD8 T cells has very modest
activity against B16 melanoma, which provides an opportune plat-
form for evaluation of combination therapies aimed at augmenting
CD8 T cell priming or function (21). LCL-161 significantly delayed
growth of B16 melanoma in wild-type, but not TCRa−/−, hosts,
indicating T cell dependency of cIAP1/2 antagonism in melanoma
(Fig. 7A). Mice bearing B16 melanoma were then treated with adop-
tive transfer of TRP1high CD8 T cells, LCL-161, or the combination.
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from CD451 cells and are defined as follows: eosinophils (CD11b1Gr1−Siglec F1), granulocytic (Gr)MDSCs (CD11b1Gr1high), macrophages (CD11b1

Gr1−CD11c−), monocytic (Mo)MDSCs (CD11b1Gr1mid), CD11b1 DCs (CD11b1Gr1−Siglec F−CD11c1I-Ab1), CD1031 DCs (CD11b−Gr1−CD11c1

Ly6c−Siglec F−CD1031), CD8 T cells (CD11b−CD8a1), and other lymphocytes (SSClowCD11b−CD8a−). (D) C57BL/6, Batf3−/−, b2m−/−, or mMT−/−

mice were implanted orthotopically with M8 live-passage organoids and treated with vehicle or LCL-161 (75 mg/kg) by oral gavage every 3 d starting on
day 4. Tumors were harvested on day 21. Tumor weights were normalized to the average of the vehicle control mice, and results (Figure legend continues)
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Combination therapy was more effective at delaying tumor growth
than either single agent alone (Fig. 7B).
To use our TRP1 mice in a model of pancreatic cancer, we cloned

the gene expressing TRP1 into the 6694c2 pancreatic tumor cell line
to generate C2VTrp1 cells. Mice were inoculated s.c. with C2VTrp1
cells and tumor growth was monitored over time. Adoptive transfer
of naive TRP1high CD8 T cells alone had a negligible effect in this

setting. Treatment with LCL-161 significantly reduced tumor growth
but was more effective when combined with adoptive transfer of
TRP1high CD8 T cells (Fig. 7C). Furthermore, we examined circulat-
ing CD8 T cells from mice at day 14 after tumor inoculation (after
three treatments of LCL-161) and observed increased expression of
the activation marker CD44 on transferred TRP1high CD8 T cells
(Supplemental Fig. 4A�C), demonstrating increased activation of

shown are pooled from multiple experiments. (E) Splenocytes of C57BL/6 naive mice or mice bearing M8 live-passage organoid tumor were plated with the
pancreatic cancer cell line 6694c2 or M8 organoid-derived cells that had been adapted to flat culture conditions. In separate wells, splenocytes were cultured
with anti-CD3/CD28 beads to determine the maximum number of IFN-g�producing cells. Cells were analyzed by ELISPOT, and values shown are normal-
ized to the number of spots obtained in the anti-CD3/CD28 wells. (F) Orthotopically implanted M8 live-passage organoid tumors were harvested at day 18
from mice treated with vehicle or LCL-161, digested, and analyzed by flow cytometry. Cell types were gated from CD451 cells and are defined as follows:
GrMDSCs (CD11b1Gr11Ly6C−CX3CR1−), MoMDSCs (CD11b1Gr11Ly6C1/−CX3CR11/−), macrophages (CD11b1Gr1−CD11c−), B cells (CD11b−Gr1−

B2201), CD8 T cells (CD11b−CD8a1), CD4 T cells (CD11b−CD41Foxp3−), regulatory T cells (Tregs; CD11b−CD41Foxp31), CD1031 DCs (CD11b−Gr1−

CD11c1Ly6c−Siglec F−CD1031), and CD11b1 DCs (CD11b1Gr1−CD11c1). No significant differences were observed between vehicle and LCL-161 treatment
groups. Results are representative of five independent experiments. (G) Tumors from mice treated as in (E) were formalin fixed and paraffin embedded and ana-
lyzed by immunohistochemistry for CD3 (pink). Original magnification ×10 Error bars are SEM throughout. ANOVA with multiple comparisons was used
throughout.

NES = 1.7, P = 2.2e-04

-0.5

0.0

R
aw

 E
nr

ic
hm

en
t S

co
re

CD4 CD8

TN
F 

si
gn

al
in

g 
vi

a 
N

F-
kB

H
A

LL
M

A
R

K
 G

2M
 c

he
ck

po
in

t

NES = 2.1, P = 1.14e-06

-0.5

0.0

R
aw

 E
nr

ic
hm

en
t S

co
re

NES = 2.7, P = 0

R
aw

 E
nr

ic
hm

en
t S

co
re

0.0

0.5

1.0

1.5

2.0

2.5

no
rm

al
iz

ed
 tu

m
or

 w
ei

gh
t

vehicle vehicle vehicle vehicleLCL LCL LCL LCL

C57BL/6 C57BL/6TCRα-/- TCRα-/-

No depletion CD4/CD8 depletion
of tumor inoculum

M8 live passage organoids

live passage tumor digest

C57BL/6 TCRα-/-

+/- CD4 and CD8 depletion

or C57BL6

Tumor CD8 T cells
higher in vehicle higher in LCL161-treated

A B

C D

p=0.007 p=0.23p=0.0023 p=0.015
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SEM throughout.
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tumor-specific T cells in vivo. By day 17, peripheral TRP1 as well
as endogenous CD8 and CD4 T cells displayed increased expression
of CD44 (Supplemental Fig. 4D, 4E). We further examined expres-
sion of 4-1BB, the gene most significantly upregulated by cIAP1/2
antagonism from our transcriptional profiling (Fig. 6C). 4-1BB
was weakly detected on CD4 T cells and CD44low naive T cells
(Supplemental Fig. 4A, 4B). Within CD44high activated T cells, we
observed higher frequencies of 4-1BB1 TRP1 and endogenous CD8
T cells in mice treated with LCL-161 (Fig. 4D), indicating qualitative
enhancement in activation of tumor-specific CD8 T cells.

Discussion
We and others have previously reported a variety of beneficial effects
of cIAP1/2 antagonism on immune cells (1, 8�12). These agents
mimic costimulation in T cells, thereby increasing proliferation and
cytokine production from CD4, CD8, and invariant NKT cells (8, 11).
NK cell production of GM-CSF is also augmented by cIAP1/2 antago-
nism. DCs produce more IL-12, express higher levels of costimulatory
ligands, and are better at presenting Ag to naive T cells (8). Macro-
phages become reprogrammed by cIAP1/2 antagonism to phagocytose
live tumor cells, an effect that is greatly augmented by increased
T cell production of cytokines such as IFN-g and lymphotoxin
(12, 18). Oncolytic virotherapy is improved by cIAP1/2 antagonism
(42�44), and both T cell and chimeric Ag receptor (CAR) T cell
ability to kill tumor cells via TNF-a is boosted by cIAP1/2 antago-
nism across a variety of difficult-to-treat tumor types (17, 45�47).
cIAP1/2 antagonism is thus a potent strategy for inducing antitumor
immunity against a wide range of tumors, including notoriously
refractory cancers such as pancreatic cancer or cancers that have lost
expression of MHC class I (12).
We have clarified several key points that add to this growing body

of data supporting induction of antitumor immunity by cIAP1/2 antag-
onists. First, the Ag-specific nature of T cells augmented by cIAP1/2
antagonism had not formally been demonstrated, and in this study we
show evidence for Ag specificity via multiple approaches: induction
of immunologic memory, quantification of tumor-specific T cells by
IFN-g ELISPOT, and the use of adoptively transferred tumor-specific
CD8 T cells. Second, the profound ability of rare T cells to induce
tumor regression was observed, but not fully explored other than to
identify lymphotoxin as the likely key factor required for cross-activa-
tion of phagocidal macrophages (12). In this study, we provide full
transcriptional profiling from ex vivo�isolated CD4 and CD8 T cells
using a unique live-passage organoid model into TCRa−/− hosts that
allows for expansion and enrichment of tumor-specific T cells. We
identified several potential pathways by which cIAP1/2 antagonism
might mechanistically enhance T cell activity, including upregulation
of 4-1BB, downregulation of VISTA, or expression of serpin pro-
teases to protect against granzyme-mediated cell death. These path-
ways are worth further exploration as inspiration for combination
therapy. Third, although cIAP1/2 are expressed in nearly all immune
cells, we identified an encouraging lack of effect of cIAP1/2 antago-
nism on granulocytic and monocytic MDSCs, cell types that had not
previously been examined.
Pancreatic cancer in humans contains a range of T cell infiltrates,

although responses to checkpoint blockade have been universally
poor outside of the rare microsatellite instability�high subset (48).
We hypothesize that failure of immunotherapy in pancreatic cancer
and other poorly responsive tumor types is in part due to inadequate
T cell priming. In this study, we have shown that cIAP1/2 antagonism
has pleiotropic beneficial effects on antitumor immunity, including
increased activation of DCs and direct effects on tumor-specific T cells
leading to overall increased activation, increased control of tumor
growth in vivo, synergy with multiple immunotherapy modalities, and

immunologic memory. Furthermore, we confirm our previous find-
ings that even poorly immunogenic tumors with a paucity of T cells
can experience T cell�dependent antitumor immunity, and we provide
transcriptional clues into how these rare T cells coordinate down-
stream immune responses.
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